The nitrogenase of the free-living, microaerobic, N2-fixing bacterium AzospiriUum amazonense (strain Y1) was purified by chromatography on DEAE-52 cellulose, by heat treatment, and by preparative polyacrylamide gel electrophoresis. The specific nitrogenase activities were 2,400 nmol of C21[4 formed per min per mg of protein for dinitrogenase (MoFe protein) and 1,800 nmol of C2H4 formed per min per mg of protein for dinitrogenase reductase (Fe protein). The MoFe protein was composed of a minimum of 1,852 amino acid residues, had an isoelectric point of 5.2, and contained 2 atoms of Mo, 24 atoms of Fe, and 28 atoms of acid-labile sulfide per molecule. The Fe protein had 624 amino acid residues and an isoelectric point of 4.6 and contained four atoms of Fe and six atoms of acid-labile sulfide per molecule. The purified MoFe protein showed two subunits with molecular weights of 55,000 and 50,000. The purified Fe protein revealed two polypeptides on sodium dodecyl sulfate-polyacrylamide gel electrophoresis with apparent molecular weights of 35,000 and 31,000. The two Fe protein polypeptides were demonstrated with immunological techniques in the purified, highly active enzyme as well as in extracts. Also, Azotobacter vinelandii Fe protein showed two closely migrating polypeptides that migrated differently from the Fe protein polypeptides of AzospiriUum brasiknse or RhodospiriUum rubrum. The nitrogenase activity ofAzospirillum amazonense Y1 was independent of Mn2+, and the addition of activating enzyme had no effect. No activating enzyme could be found in Azospirillum amazonense. Obviously, the nitrogenase system of Azospirillum amazonense Y1 is different from that of Azospirillum brasilense Sp7 and resembles the Azotobacter system. Nitrogen fixation of Azospirillum spp., as free-living organisms and in association with the roots of a variety of nonleguminous plants, has been studied intensively since rediscovery of Azospirillum spp. as N2 fixers (for reviews, see references 1, 7, 22, 32). The organisms can grow and fix N2 under microaerobic conditions. Azospirillum brasilense can use organic acids (e.g., malate) and fructose as carbon and energy sources for growth and N2 fixation, whereas Azospirillum lipoferum can also use glucose (31). Recently, Azospirillum amazonense was described as a microaerobic, acid-tolerant, root-colonizing bacterium that can use sucrose to support growth and N2 fixation (8, 19) .
Nitrogen fixation of Azospirillum spp., as free-living organisms and in association with the roots of a variety of nonleguminous plants, has been studied intensively since rediscovery of Azospirillum spp. as N2 fixers (for reviews, see references 1, 7, 22, 32) . The organisms can grow and fix N2 under microaerobic conditions. Azospirillum brasilense can use organic acids (e.g., malate) and fructose as carbon and energy sources for growth and N2 fixation, whereas Azospirillum lipoferum can also use glucose (31) . Recently, Azospirillum amazonense was described as a microaerobic, acid-tolerant, root-colonizing bacterium that can use sucrose to support growth and N2 fixation (8, 19) .
Biological N2 fixation is effected by the nitrogenase enzyme system, and its components have been isolated and purified from a variety of microorganisms. Nitrogenase consists of two 02-sensitive proteins, a molybdenum-iron protein (dinitrogenase) with two kinds of subunit and an iron-sulfur protein (dinitrogenase reductase) with a single type of subunit (9) . Both proteins are essential for enzymic activity together with ATP (which is hydrolyzed to ADP + Pi), a bivalent metal ion (usually Mg2+), a source of electrons (usually Na2S204 in vitro), and an anaerobic environment (for a review, see reference 26) .
Information on the nitrogenase systems of Azospirillum spp. has been reported only for partially purified preparations of Azospirillum brasilense Sp7, formerly Spirillum lipoferum (18, 24) . This nitrogenase system was separated into three components, an MoFe protein, an inactive Fe protein, and an enzyme that activated the inactive Fe protein. The process of activation was similar to that found in Rhodospirillum rubrum (13, 17) . The inactive Fe protein also could be activated in vitro by treatment with an activating enzyme isolated from the chromatophores of R. rubrum (29) . In R. rubrum, the regulation of nitrogenase activity is mediated via the covalent modification (ADP ribosylation) of the iron protein (25) .
It was deemed important to isolate and characterize the nitrogenase system of Azospirillum amazonense Y1, because the organism differs from the other azospirilla in acid tolerance, optimal P02, and ready growth and N2 fixation with sucrose (19) . We report here the purification and molecular characterization of the nitrogenase components and provide evidence that they are more closely related to nitrogenase components of Azotobacter vinelandii than to those of Azospirillum brasilense.
MATERIALS AND METHODS
Growth of the organism. Azospirillum amazonense Y1 (kindly provided by N. R. Krieg) was grown in a 300-liter fermentor at a dissolved oxygen concentration of 0.6 to 1.0 kPa (controlled by an oxystat) and at a constant pH of6.0. The minimal medium (19) contained 0.5% malate and an initial ammonium concentration of about 1 mM. The 300-liter fermentor was inoculated with a 15-liter culture on minimal medium that had been grown aerobically for 24 h with 20 mM ammonium chloride. The organic buffer 2-(N-morpholino)ethanesulfonic acid (MES) (pKa = 6.2) had to be used at a concentration of 15 mM to stabilize the pH of this starter culture. After 48 h of growth at 30°C, the 300-liter culture had reached an optical density of 1.4 Assay for nitrogenase activity. Nitrogenase activity was determined by acetylene reduction with sodium dithionite as reductant (5, 12) . The reaction mixture (1 ml) contained 40 ,umol of phosphocreatine, 14.5 U of creatine phosphokinase, 25 ,umol of magnesium acetate, 0.5 ,umol of MnCl2, 30 ,umol of 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, 5 ,umol of ATP, and 5 p,mol of dithionite. The gas phase was 10% acetylene in argon. The reaction was initiated by the addition of enzyme. After 20 min at 30°C and rapid shaking (160 complete reciprocations per min), a 0.5-ml gas sample was taken for ethylene analysis by gas chromatography. Specific activity was calculated on the basis of the nitrogenase protein limiting the assay, and it is expressed as nanomoles of product formed per min per mg of protein. To determine the maximum specific activities of MoFe and Fe proteins, we performed assays with different levels of the complementary nitrognease protein.
SDS slab gel electrophoresis. Sodium dodecyl sulfate (SDS) polyacrylamide gels were prepared, and electrophoresis was performed as described by Laemmli (16) and modified by Kanemoto and Ludden (13) ; they used a lower cross-linker content (acrylamide-N,N'-methylenebisacrylamide ratio, 100:0.58 in a 10% acrylamide gel). After electrophoresis, the protein in the separating gel was visualized by staining with Coomassie brilliant blue G.
Proteins and amino acids. Protein concentration was determined by the microbiuret method with bovine serum albumin as the standard (11 Table 2 shows the interspecies reactivity of nitrogenase components (MoFe and Fe proteins) of Azospirillum amazonense with the nitrogenase components of Azotobacter vinelandii, Klebsiella pneumoniae, Clostridium pasteurianum, and Rhodospirillum rubrum. The nitrogenase components of Azospirillum amazonense had high reactivity with the nitrogenase components of Azotobacter vinelandii, K. pneumoniae, and R. rubrum, but they were not active combined with components from C. pasteurianum.
Comparison of different Fe proteins on SDS-PAGE. Figure  1 shows (Fig. 2, lane 3 Table 4) .
The UV spectrum of MoFe protein showed two minor peaks in the 282-to 285-and 290-nm ranges (Fig. 3) . The Fe protein showed only one peak in the 275-to 278-nm range; this peak is similar to those of the Fe proteins from Azotobacter vinelandii and C. pasteurianum (9) Table   4 ).
The optimal pH for nitrogenase activity was in the range of 6 to 7.5 (Fig. 4) . The optimal temperature was 35°C. The stabilities of the enzymes at different temperatures are shown in Fig. 5 . Purified MoFe protein was stable for more than 30 days at 4°C when precautions were taken to keep the preparation anaerobic, whereas at room temperature the activity lasted only about 4 days. The less stable Fe protein lost its activity in 10 days at 4°C and in only 5 h at room temperature.
Tests for AEs. To extend the comparison of the nitrogenase systems of Azospirillum brasilense and Azospirillum amazonense further, we tried to find evidence for functioning of an activating enzyme (AE). In contrast to Azospirillum brasilense and R. rubrum, the time course of in vitro nitrogenase activity in an extract from Azospirillum amazonense was linear after a lag of 1 min. The extract was prepared from a nitrogen-fixing culture that had been supplied ammonium initially. The addition of AE of R. rubrum or manganese or both did not increase activity. No AE could be demonstrated in the buffer wash or 0.1 M NaCl wash fractions from the first DEAE-cellulose column used in the purification of nitrogenase from Azospirillum amazonense; tests were made on the inactive Fe protein from R. rubrum. Also, no AE activity was found in the 0.5 M NaCl wash of Azospirillum amazonense membranes. AE is found in these fractions from R. rubrum (29) . Finally, the enzyme-linked immunoblotting technique with antiserum against purified activating enzyme of R. rubrum (kindly provided by L. L. Saari) was used in the search for AE. In Azospirillum brasilense, a cross-reacting protein migrated on SDS-PAGE like the AE of R. rubrum. No immunologically cross- reactive protein was found in extracts from nitrogen-fixing Azospirillum amazonense (data not shown).
DISCUSSION The nitrogenase components of Azospirillum amazonense Y1 were purified to high specific activities (2,400 and 1,800 nmol of C2H4 formed per min per mg of protein for MoFe and Fe proteins, respectively). The nitrogenase of Azospirillum amazonense Y1 is a two-protein system, consisting of dinitrogenase (MoFe protein) with a molecular weight of 204,000 and dinitrogenase reductase (Fe protein) with a molecular weight of 67,000. Thus, the nitrogenase components of Azospirillum amazonense Y1 have molecular weights similar to those of the nitrogenases of other organisms (9) . Unlike R. rubrum (17, 29) or Azospirillum brasilense (18, 24) , no evidence for an inactive Fe protein species or an activating enzyme could be found in Azospirillum amazonense. Only weak, short-term inhibition of nitrogenase activity and no inhibition of in vitro nitrogenase activity by ammonium chloride has been found in Azospiril-I, Aa2Z (Table 2) . Thus, Azospirillum amazonense fits in the heterologous complementation pattern described by Emerich and Burris (10) .
Since Azospirillum amazonense is acid tolerant, the pH profile of its nitrogenase is of interest. As reported for other nitrogenases, the optimal pH range was from pH 6.0 to 7.5. After short exposures of isolated nitrogenase to pH 5.0, about 50% activity was retained.
The (2) , Anabaena 7120 (27) , and Rhodopseudomonas capsulata (30) .
